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In the quest of finding novel and efficient batteries, a great interest has raised in K-based hon-
eycomb layer oxide materials both for their fundamental properties and potential applications. A
key issue in the realization of efficient batteries based on such compounds, is to understand the
K-ion diffusion mechanism. However, investigation of potassium-ion (K+) dynamics in materials
using magneto-spin properties has so far been challenging, due to its inherently weak nuclear mag-
netic moment, in contrast to other alkali ions such as lithium and sodium. Spin-polarised muons,
having a high gyromagnetic ratio, make the muon spin rotation and relaxation (µ+SR) technique
ideal for probing ions dynamics in weak magneto-spin moment materials. Here we report the mag-
netic properties and K+ dynamics in honeycomb layered oxide material of the K2Ni2TeO6 using
µ+SR measurements. Our low-temperature µ+SR results together with, with complementary mag-
netic susceptibility, find an antiferromagnetic transition at 26 K. Further µ+SR studies performed at
higher temperatures reveal that potassium ions (K+) become mobile above 250 K and the activation
energy for the diffusion process is Ea = 121(13) meV. This is the first time that K
+ dynamics in
potassium-based battery materials has been measured using µ+SR. Finally our results also indicate
an interesting possibility that K-ion self diffusion occurs predominantly at the surface of the powder
particles. This opens future possibilities for improving ion diffusion and device performance using
nano-structuring.
I. INTRODUCTION
Layered oxides have attracted prime attention over
the last decade owing to their intriguing physical and
chemical properties across varied aspects to, phase tran-
sitions (e.g. antiferromagnetism, superconductivity, Ki-
taev magnet)[2–5], thermodynamics (e.g. fast ionic con-
ductivity) [6] and unusual electromagnetic spin interac-
tions (multiferroics, high-voltage electrochemistry) [7–9].
Layered oxides consisting of alkali atoms sandwiched be-
tween slabs with transition metal atoms (commonly re-
ferred to as layered transition metal oxides, TMOs), have
been extensively investigated. This is especially true for
TMOs adopting the chemical composition AMO2, where
A denotes an alkali atom and M is typically a transi-
tion metal atom. Such compounds have raised interests
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not only from a fundamental point of view but also for
applications. For instance, NaxCoO2 are widely known
materials exhibiting rich of intriguing physical proper-
ties at low temperatures such as spin density waves [10],
superconductivity (hydrated compound [11, 12]), metal-
insulator transitions [13], in addition to unique magnetic
and charge ordering phases [14].
In electrochemistry, NaxCoO2 has also been in-
vestigated as a cathode material in Na-ion batter-
ies, not only from environmental point of view but
also for its fast sodium-ion diffusive capabilities [15–
17]. Despite this, another class of layered oxides has
emerged to supersede NaxCoO2, such as Na2Ni2TeO6
(or equivalently as Na2/3Ni2/3Te1/3O2) [18, 19] and
K2Ni2TeO6 (K2/3Ni2/3Te1/3O2) [1], which show higher
voltage (vs Na/Na+ ; K/K+) cation electrochemistry and
better structural stability.
K2Ni2TeO6 adopts essentially the same crystal struc-
ture as Na2Ni2TeO6, with a significant increase of the
interslab distance owing the larger potassium atoms to
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FIG. 1. (a,b) Honeycomb layered structure of K2Ni2TeO6 showing the Ni atoms (pink), Te atoms (green), O atoms (blue) and K
atoms occupying crystallographic sites (K1 (black), K2 (red), and K3 (gray)) that can move in a two-dimensional (2D) fashion,
as reported in Ref.[1]. Red line indicates Ni-Ni network (interatomic distance in A˚). (c) The crystal structure information of
K2Ni2TeO6 is extracted from room temperature-NPD data (Fig. 2(a,b)) Z is the number of formula units in the unit cell.
reside in between the honeycomb slabs of Ni octahedra
surrounding Te octahedra in a honeycomb fashion (Fig.
1(a,b)). In addition, interesting magnetic properties are
anticipated in K2Ni2TeO6, arising from the regular hon-
eycomb configuration of Ni atoms, which triggers the in-
terplay between adjacent antiferromagnetic (AFM) inter-
actions [4, 19]. Moreover, complex magnetic structures
can be expected owing to the competition between the
direct interactions of magnetic Ni atoms and exchange
interactions through the non-magnetic atoms.
The large ionic radii of potassium cations, which leads
to the increase in the interslab distance, influences not
only the electric and spin interactions but also the K
diffusion properties.
In contrast to Na and Li, K has a weak nuclear
magnetic moment that makes this interaction difficult
to probe. This places muon spin rotation and relax-
ation (µ+SR) measurements at the frontier techniques for
probing the aforementioned interactions, since the pos-
itive muon possesses a charge and a high gyromagnetic
ratio. In particular, the positive muon is typically bound
to the negatively charged oxygen atoms at a distance of
1 A˚, and interact with both nuclear and electronic mo-
ments in the matter. This means that the muon may
couple even to the weak nuclear moment of K, given the
high gyromagnetic ratio of the muon. Here we report
first measurements of magnetic properties and K-ion dy-
namics in honeycomb layered K2Ni2TeO6 oxide mate-
rial using µ+SR. Room-temperature x-ray and neutron
powder diffraction experiments confirm that the average
crystal structure is in agreement with the reported one.
K2Ni2TeO6 exhibits an antiferromagnetic transition at
26 K and ZF-µ+SR oscillation signal suggests commen-
surate spin ordering down to 2 K. µ+SR studies per-
formed on K2Ni2TeO6 at high temperatures reveal that
potassium ions (K+) are dynamic above 250 K (with an
activation energy of 121 (13) meV extracted from the
experimental data), revealing for the first time that K+
dynamics can potentially be measured using µ+SR.
II. RESULTS AND DISCUSSION
A. Room temperature diffraction
The crystal structure of K2Ni2TeO6 at room tem-
perature (300 K) was obtained by refinements of both
x-ray powder diffraction (XRPD) and neutron pow-
der diffraction (NPD) data. The structural parame-
ters of K2Ni2TeO6 started from the reported unit cell
(P63/mcm with a = 5.26 A˚, c = 12.47 A˚) and atomic
coordinates [1]. The Rietveld fits of high-resolution neu-
tron powder diffraction patterns was challenging due to
the significant broadening observed on [h, k, l 6= 0] peaks.
Similar broadening profile was reported on Na2Ni2TeO6,
for which Karba et al. introduced the anisotropy strain
into consideration to the crystal structure refinement pro-
cess [4]. In our report here, we also used the anisotropic
strains based on a spherical harmonics modelling of the
Bragg peak broadening using the Fullprof suite in or-
der to fit both XRPD and NPD data. As Karba et
al. pointed out, this strong broadening is probably orig-
inated from both the anisotropic displacement of oxygen
atoms under thermal fluctuation and the potential gra-
dient of Na/K distribution due to the weaker interlayer
interaction in this type of structure. The average crystal
structure model provides fitting to both the XRPD and
NPD data, as shown in both Fig. 2 as well as the de-
3tailed refinement data and the corresponding structure
obtained by NPD are supplied in Fig. 1 and the sup-
plementary materials (Table. S1 and S2). The average
structure is consistent with the reported one [1]. Note
that the accurate crystal structure determination is be-
yond the scope of this paper, thus the obtained average
structure model of K2Ni2TeO6 will be used for the esti-
mation of the K-ion diffusion coefficient as detailed below
in Section II E.
FIG. 2. Rietveld refinements of (a) NPD low angle bank, (b)
90◦ bank and (c) XRPD of K2Ni2TeO6 at 300 K.
B. Magnetic susceptibility
Fig. 3 shows the DC magnetic susceptibility of
K2Ni2TeO6 measured under a magnetic field of 100 Oe
in the temperature range T = 5 - 300 K. K2Ni2TeO6 ex-
hibits AFM behaviour with a maximum of the χ curve
at around 33 K. The magnetic transition is also well
evidenced in the differential susceptibility [dχ/dT ](T )
curves, at the AFM Ne´el temperature TN ≈ 26 K in
both zfc and fc modes (only fc is shown in inset of Fig.
3).
No significant divergence between zfc and fc magneti-
sation curves is observed. The susceptibility data (1/χ)
were fitted with a Curie-Weiss law (using data points
above 80 K), yielding a Weiss temperature θCW = -30.3
K. The negative Weiss temperature indicates AFM inter-
actions, which could arise from the superexchange inter-
actions between the nearest and the next-nearest neigh-
bours of Ni. Further, an effective magnetic moment, µeff
= 2.53 µB/Ni was obtained, which is in excellent agree-
ment with the theoretical spin only value for Ni2+ (2.83
µB).
FIG. 3. Magnetic susceptibility (χ (T ) and 1/χ(T )) curves
of K2Ni2TeO6 recorded in zero-field-cooled (zfc) and field-
cooled (fc) modes under an applied magnetic field of 100
Oe, with the corresponding Curie-Weiss fitting as a dotted
line. Inset shows the magnified image of the susceptibility plot
and of the corresponding differential susceptibility [dχ/dT ](T )
curve indicating TN = 26 K.
C. Low-temperature wTF µ+SR measurements
Fig. 4(a) shows the wTF µ+SR-time spectra recorded
with H = 20 Oe for three selected temperatures. The
spectra was obtained on GPS in PSI without sample cell.
Here, wTF means that the field is perpendicular to the
initial muon spin polarization and its magnitude is very
small compared with the internal magnetic field (Hint)
generated by magnetic order and/or disorder. When the
temperature decreases below 30 K, the oscillation ampli-
tude due to the applied wTF rapidly decreases, indicating
the appearance of additional internal magnetic fields (i.e.
static magnetic order). Below 30 K, the wTF µ+SR time
spectrum was consequently fitted using a combination
of an exponentially relaxing precessing component and
a slow-exponentially relaxing non-oscillatory component.
The first component comes from the muons stopped in
paramagnetic phases, where the internal magnetic field is
equivalent to wTF = 20 Oe. The second component cor-
responds to the magnetically ordered phase, where Hint
¿¿ wTF. Above 30 K, the wTF spectrum was also fitted
using a combination of an exponentially relaxing oscil-
lating and a fast-exponentially relaxing non-oscillatory
components, probably due to fast spin fluctuation above
TN. The resulting fit function for the wTF spectra in the
wide temperature range across TN is as follows:
A0 PTF(t) = ATF cos(2pifTFt+ φTF)× exp (−λTFt)
+ AS × exp (−λSt)
+ AF × exp (−λFt), (1)
where AS = 0 at T ≥ TN, while AF = 0 at T ≤ TN.
PTF(t) is the muon spin polarisation function, A0 is the
initial asymmetry, ATF, AS and AF are the asymmetries
4wTF = 20 Oe
T = 26.1 (1) KN
(a) (b)
ATF
AS
AF
FIG. 4. (a) µ+SR time spectra measured at temperatures of 2, 26 and 30 K under a weak-transverse field (wTF) of 20 Oe,
and the corresponding fits using Eq. 1 (solid lines). For clarity, A0 is the initial asymmetry and PTF(t) is the muon spin
polarisation function. (b) Asymmetry plots as functions of temperature, where ATF, AS and AF are the asymmetries of the
related polarisation components. The sigmoid fit (red solid line) indicated the antiferromagnetic transition temperature (TN)
at 26.1 K.
of the related polarisation components, 2pifTF is the an-
gular frequency of the Larmor precession under the ap-
plied wTF, λTF, λS and λF are the exponential relaxation
rates for the three components and φ is the initial phase
of the processing signal.
The magnetic transition temperature is obtained from
the ATF(T ) curve, because ATF corresponds to the para-
magnetic (PM) fraction of the sample. Thus, a step-
like change in the ATF(T ) curve around 27 K indicates a
transition from a low-temperature magnetically ordered
state to a high-temperature PM state. As shown in Fig.
4 (b), ATF(T ) dependence has been fitted with a sigmoid
function and the transition temperature is defined as the
middle point of the fitting curve, i.e. TN = 26.1 (1) K,
which is in excellent agreement with the TN determined
by magnetisation measurement (Fig. 3).
Below 20 K down to 2 K, the oscillation from the ex-
ternally applied field is still clearly observed (see black
curve in Fig. 4(a)), having a volume fraction of about
28 %, corresponding to a PM phase even at T = 2 K.
This suggests the presence of a second paramagnetic
phase at even low temperatures. The absence of any
detectable major impurity phases from diffraction mea-
surements implies that the crystal structure of the second
phase is very similar to that of the predominant phase.
This could be related to the broadening observed in high-
resolution NPD data due to the distribution of atoms in
the structure. Such scenario could lead to atomic and
magnetic order/disorder transitions at low temperatures
[20]. Further, studies using 3He or dilution crysostats
will be needed to clarify this interesting issue. This is
further supported by the fact that the K-ions are mobile
at room temperature (see below).
D. Low-temperature ZF µ+SR measurements
To further understand the magnetic nature of
K2Ni2TeO6, zero-field (ZF) µ
+SR measurements were
performed at temperatures between 2 and 40 K. As seen
in Fig. 5, the ZF-µ+SR time spectra recorded at 2 K
clearly shows the muon spin precession signal, which ev-
idences the appearance of quasi-static magnetic order.
Fourier transform of the ZF-µ+SR time spectrum (inset
of Fig. 5(b)) reveals the presence of two distinct compo-
nents namely: fAF1 = 29 MHz and fAF2 = 43 MHz, with
an asymmetry ratio of 1 : 10 (as is shown in Fig. 12(d)).
In addition, there is a fast relaxing signal in the ini-
tial time spectra (see also Fig. S1). Such behaviour may
have several explanations; in particular this kind of sig-
nal might be due to delocalised muons or fast fluctuating
moments arising from either the Ni ions or magnetic im-
purities. Thus, this ZF spectrum at 2 K was fitted by
a combination of two exponentially relaxing cosine oscil-
lations, which are originating from the magnetic order,
one fast and one slow (for 1/3 powder average tail) ex-
ponentially relaxing non-oscillatory components and one
exponentially relaxing non-oscillatory components due to
the PM signal observed in the wTF measurement (APM
fixed at 0.0728):
A0 PZF(t) = AAF1 cos(2pifAF1t+ φAF1)× exp (−λAF1t)
+ AAF2 cos(2pifAF2t+ φAF2)× exp (−λAF2t)
+ AF × exp (−λFt)
+ Atail × exp (−λtailt)
+ APM × exp (−λPMt), (2)
where A0 is the initial asymmetry, AAF1, AAF2, AF, Atail
and APM are the asymmetries associated with each sig-
5nals, fAFi is the frequency of the muon spin precession
corresponding to the static internal AF field, φAFi is the
initial phase of the oscillatory signal, λAFi, λF, λtail and
λPM are the exponential relaxation rates of each signal.
APM was fixed at 0.0728, based on wTF measurements.
As clearly shown in Fig. 5, the ZF-µ+SR time spectrum
is well fitted using Eq. 2 both in short (t ≤ 0.2 µs) and
long (t < 8 µs) time domain.
Zero-field (ZF)
T = 2 K
(a)
(b)
FIG. 5. The ZF-µ+SR time spectrum recorded at a tempera-
ture of 2 K under zero-field (ZF): (a) in the long time domain
up to 8 µs and (b) in an early time domain up to 0.2 µs. The
inset of (b) shows a shorter time domain where the muon spin
precession is evident the Fourier transformed frequency spec-
trum. Two frequencies (fAF1 = 29 MHz and fAF2 = 43 MHz)
are pointed by black arrows. The Solid lines are represent the
best fits of the data using Eq. 2.
Both φAF1 and φAF2 show similar temperature trend
from individual fitting (not shown), thus a common φAF
was finally used in the fitting, i.e. φAF = φAF1 = φAF2.
Both AAF1 and AAF2 were also found to be almost tem-
perature independent and were treated as common pa-
rameters in the temperature range between 2 and 23.5 K.
The resulting values were obtained as AAF1 = 0.0065 and
AAF2 = 0.0811 [Fig. 12(d)].
Figure 6 shows the temperature dependence of ZF-
µ+SR time spectra [t < 0.2 µs] recorded at temperature
between 2 and 30 K. The time spectra recorded below
TN (= 26 K) were well fitted using the Eq. 2 in both
long and short time domains. Fig. 12 shows the temper-
ature dependencies of the µ+SR parameters obtained by
fitting the ZF-µ+SR spectrum with Eq. 2. As tempera-
ture decreases from 40 K, both fAF1 and fAF2 drastically
increase (∼ 75 - 93 % of its base temperature value) at
around 25 K [Fig. 12(a)]. Since fAF corresponds to the
order parameter of a magnetic transition, such a rapid
AF transition is most likely indication of a first-order
transition, which could be linked to a multiple struc-
tural phase transition. However, the co-existence of a
structural and magnetic transition needs to be further in-
vestigated by low-temperature x-ray/neutron diffraction.
Furthermore, these two frequencies seem to abruptly dis-
appear almost at the same temperature TN (= 26 K).
This suggests that the two frequencies are not caused
by the coexistence of two different phases in the sam-
ple but by two magnetically inequivalent muon sites in
the lattice. Although both λAF1 and λAF2 are roughly
temperature independent at temperature below 20 K,
λAF2 increases with temperature below the vicinity of
TN, indicating the increase in the field fluctuation to-
wards TN (Fig. 12(b)).
φAF is almost constant below 18 K, i.e. φAF ∼ -20◦,
while the magnitude of φAF increases with temperature
above 18 K [Fig. 12(c)]. This suggests that the spin
structure is most likely commensurate (C) to the crys-
tal lattice. This is because an incommensurate (IC) AF
structure usually provides a much large phase delay for a
cosine function, typically -45 -60◦, due to the mismatch
between the IC magnetic modulation and muon sites.
Indeed, usually a commensurate magnetic ordering gives
φAF ≈ 0. The observed small phase delay (-20◦) could in-
stead be related to an artificial effect from the fit of very
initial time domain for the fast oscillation. It could also
be an effect from multiple muon stopping sites [21, 22].
As an conclusion, the small delay of the initial phase is
likely to support commensurate AF order in K2Ni2TeO6,
however, we would need further low-temperature neutron
experiment to confirm this.
Finally, all the µ+SR parameters under ZF show a
monotonic change in the temperature range between 2 K
and TN. The present results hence suggest the absence
of an additional magnetic transition down to 2 K, which
is in good agreement with the magnetisation and wTF-
µ+SR results. Additional neutron diffraction studies at
low temperature would be the next future and natu-
ral step to shed further light on the magnetic nature of
K2Ni2TeO6.
E. High-temperature K-ion Diffusive Properties
To study the solid-state K-ion diffusive properties of
K2Ni2TeO6, µ
+SR measurements above the magnetic
transition temperature were performed. Both Li-ion
60.1
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FIG. 6. Temperature-dependent µ+SR spectra for
K2Ni2TeO6 taken under zero-field. Solid lines show the best
fits with Eq. 2. Each spectrum is offset along the y-axis by
0.1, for clarity of display.
[21, 23, 24] and Na-ion [25, 26] diffusive properties as
a function of temperature have been already extensively
studied using a series of ZF, wTF and LF-µ+SR time
spectra measurements, where LF means the applied field
parallel to the initial muon spin polarization. How-
ever, since the nuclear magnetic moment of K (µ[39K]
= 0.39 µN) is much smaller than that of Li (µ[
7Li] =
3.26 µN) and Na (µ[
23Na] = 2.22 µN), the measurement
of K-ion dynamics using microscopic magnetic techniques
[27, 28] is challenging. This means that µ+SR could pro-
vide unique information on the K-ion diffusive properties,
through its sensitivity to local magnetic environments.
In what follows, µ+SR time spectra were collected in
the temperature range between 50 and 550 K using the
EMU instrument of ISIS in UK. Fig. 8 shows the ZF- and
LF-µ+SR time spectrum obtained at 50 K and 500 K.
A decoupling behaviour by the applied LF (= 10 and
30 Oe), i.e. a reduction in the relaxation rate, is seen
even for small fields at both temperatures, suggesting
that Hint is mainly formed by nuclear magnetic moments.
The small nuclear moment of each element (K, Ni, Te
and O) in the compound yelds small widths of the field
distributions at the muon sites (small ∆), resulting in the
almost exponentially relaxing spectrum. This is also why
it is essential to conduct these measurements at a pulsed
muon facility that gives access to a longer time domain,
and thereby yields a more robust fit to the data.
At each temperature, the ZF and the two LF spec-
tra were fitted by a combination of two exponentially re-
laxing dynamic Gaussian Kubo-Toyabe (KT) functions.
This would then be the same two muon sites also ob-
TN
FIG. 7. Temperature dependencies of the ZF-µ+SR param-
eters for K2Ni2TeO6; (a) muon-spin precession frequencies
(fAF1 and fAF2), lines are guide to the eyes. (b) the relaxation
rates (λAF ), (c) the common initial phases of the two oscilla-
tory signals (φAF) and (d) the asymmetries (AAF). The data
were obtained by fitting the ZF-µ+SR spectra using Eq. 2.
Vertical dashed line indicates the antiferromagnetic transition
temperature TN ≈ 26 K determined by wTF-µ+SR measur-
ments.
served in the low-temperatrure µ+SR study (Eq. 2 and
Fig. 12(a)). In addition, there is a background signal
from the fraction of muons stopped mainly in the silver
plate mask on the sample holder. The resulting fit func-
tion for the ZF and two LF spectra is as follows:
A0 PLF(t) = AKT1G
DGKT(∆1, v1, t,HLF)× exp(−λKT1t)
+ AKT2G
DGKT(∆2, v2, t,HLF)× exp(−λKT2t)
+ ABG, (3)
where A0 is the initial asymmetry, AKT1, AKT2 and
ABG are the asymmetries associated with the three sig-
7Oe
Oe
FIG. 8. ZF and two LF (10 and 30 Oe) µ+SR time spectra
measured at (a) 50 K and (b) 500 K. Solid lines represent the
fit result using Eq. 3
nals, ∆1 and ∆2 are related with the width of the lo-
cal field distributions at the muon sites, and ν1 and
ν2 are the field fluctuation rates and λKT1 and λKT2
are the relaxation rates. When ν = 0 and HLF1 = 0,
GDGKT(∆1, v1, t,HLF1) is a static Gaussian KT function
in ZF. Furthermore, a fitting procedure with a common
background asymmetry (ABG ∼ 0.04723) was employed
over the entire temperature range, but with a tempera-
ture dependent ν and λ (see also Fig. S2). ∆ was also
treated as a common parameter over the entire temper-
ature range [∆1 ∼ 0.291 (23) µs −1 and ∆2 ∼ 0.043 (9)
µs −1]. Since ∆KT are one order of magnitude different,
this could be the result of the existance of two distinct
muon sites with different local field distributions, which
is consistent with the two frequencies (two muon sites)
observed at low-temperature.
Fig. 9(a) shows the temperature dependencies of ν1
and ν2. ν2 is almost constant over the whole tempera-
ture range (ν2 at 50 K is 0.184 (31)), while ν1 is close
to zero up to 200 K, and then starts to clearly increase
from 250 K. The increase of ν1 between 250 and 550 K is
explained by a thermal activation process, which signals
the onset of diffusive motion of either K+ or µ+ above
250 K. Here, the scenario of K-ion diffusion is strongly
supported by electrochemical investigations that clearly
indicate that the K-ions are mobile in this temperature
range [1, 29]. Assuming the K-diffusion in K2Ni2TeO6,
the fit of the ν1(T ) curve with an Arrhenius type equa-
tion (dashed line in Fig. 9(a)) provides the activation
energy as Ea = 121 (13) meV. This value is comparable
to the activation energy obtained for Li based layered
oxides by µ+SR, e.g. Ea = 96 meV for Li0.53CoO2 [23],
Ea = 124 meV for Li0.98Ni1.02O2 [25].
We attempt to estimate a diffusion coefficient of the K-
c
Ea = 121 (13) meV
a
b
1.674 
(4)
1.923 
(10)
FIG. 9. The temperature dependencies of (a) ν and (b) diffu-
sion coefficient for K2Ni2TeO6. The black dashed line is fit to
an Arrhenius equation ν = A×exp(−Ea/kBT ), which yield an
activation energy of Ea = 121 (13) meV. Each data point was
obtained by fitting the ZF and LF (= 10 and 30 Oe) spectra
using Eq. 3. (c) Crystal structure of K2Ni2TeO6 projection
along c-axis. Diffusion paths, K1 - K2 (s1 = 1.674 A˚) and K1
- K3 (s2 = 1.923 A˚), are illustrated by dot line and solid line,
respectively.
ions (DK) using the obtained fluctuation rate ν as a direct
measure of the ion hopping rate. The field fluctuation
rate has, in the past, been successfully used to determine
the diffusion coefficient for Li and Na compounds [23, 26].
The principle of diffusion of K+ should be naturally the
same to those for Li+ and Na+. Consequently, DK is
estimated via:
DK =
h∑
i=1
1
Ni
Zv,is
2
i ν, (4)
whereN is the number of K sites, Z is the vacancy frac-
tion and s is the jump distance. Naturally, we restrict
8the diffusion path within the 2D layer of the honeycomb.
Moreover, we assume a diffusion path only within the
nearest neighbour sites within the honeycomb flower as
shown in Fig. 9 (c) where only two K-diffusion pathways
are allowed, that is, K1 to K2 and K1 to K3. The values
for s and Z are extracted from our neutron diffraction
measurements [see also the refined structural parameters
in Tables. S1 and S2], Since s directly relates to the inter
atomic distances of potassium, s1 = 1.674 A˚ for K1 to
K2 (N1 = 5) and s2 = 1.923 A˚ for K1 to K3 (N2 = 4).
Based on such assumption, DK is estimated as 0.13 ×
10−9 cm2/s for ν1(300K) = 0.29 µs−1. This value is
lower by one order of magnitude than DK of LiCoO2
[23]. DK are also calculated for the other temperatures
as shown in Fig. 9(b), e.g. DK = 0.69 × 10−9 cm2/s
using ν1(400K) = 1.21 µs
−1 and 1.06 × 10−9 cm2/s us-
ing ν1(500K) = 1.85 µs
−1. Here we also assumed that
the atomic structure remains the same within the entire
temperature range. To further investigate the ion diffu-
sion in K2Ni2TeO6, detailed studies of the temperature
dependency of the atomic structure using x-ray and/or
neutron diffraction would be needed. Such investigations
could yield even more accurate information on the active
diffusion pathways [30], which also allow us to further
refine the calculations of DK from ν(T ), especially as a
function of temperature.
III. DISCUSSION
Finally, it should be noted that the KT1 signal that
reveals the strong temperature dependence in K-ion hop-
ping rate (ν1) constitutes the minor volume fraction
(asymmetry). This could be due to that the two differ-
ent muon stopping sites are very different in relation to
the K-ion layers, and that KT2 is related to a site where
the muon is screened from detecting dynamic changes in
the weak nuclear moment of potassium. Such scenario
is supported by the fact that in the low-temperature
µ+SR data the larger volume fraction relates to the
higher frequency (fAF2), which indicate that such muon
site is located closer to the TMO layer. Another, prob-
able scenario is that KT1 and KT2 relates to surface
and bulk signals, respectively. In our previous work on
the well-known LiFePO4 cathode material [21, 24, 31, 32]
we have shown that the self-diffusion of lithium ions is
mainly limited to the surface region of the cathode mate-
rial particles. The current results from K2Ni2TeO6 indi-
cate that it could be possible to improve K-ion diffusion
and thereby device performance by reducing the parti-
cle size (i.e. larger surface area). Consequently, further
µ+SR studies of nano-particles of K2Ni2TeO6 will be of
very high interest.
As a conclusion, muon spin rotation and relaxation
(µ+SR) together with magnetization measurements on
K2Ni2TeO6 reveal the onset of commensurate-like anti-
ferromagnetic transitions at 26 K. Further, potassium-
ions (K+) in K2Ni2TeO6 have been found to be mobile
above 250 K, with remarkably low activation energy of
121 (13) meV which is comparable to thermal activation
energy scales of related lithium- and sodium-based ma-
terials. Moreover, we also estimate a diffusion coefficient
of K-ion (DK) as a function of temperature. This brings
related honeycomb layered oxide materials to the fore-
ground of fast ionic conductors for energy storage. More-
over, we have shown, for the first time, the feasibility of
µ+SR study in investigating the K+ dynamics of mate-
rials which tend to have low nuclear magnetic moments.
This study expands the research frontier of alkali-ion dy-
namics within materials, previously relegated mainly to
lithium and sodium. Finally our results also indicate an
interesting possibility that K-ion self diffusion at the sur-
face of the powder particles are dominating. This opens
future possibilities for improving ion diffusion and device
performance using nano-structuring.
IV. EXPERIMENTAL SECTION
A. Materials synthesis
Polycrystalline powder of K2Ni2TeO6,
(K2/3Ni2/3Te1/3O2) was synthesised using a high-
temperature ceramics route. Stoichiometric amounts
of NiO (99.9 % purity, Kojundo Chemical Laboratory
(Japan)), TeO2 (99.0 % purity, Aldrich) and K2CO3
(99.9% purity, Rare Metallic (Japan)) were mixed,
pressed into pellets and finally heated for 23 h at
800◦C in air. The obtained powders were stored in an
argon-purged glove box that was maintained at a dew
point of below - 80◦C dP, to prevent exposure of the
materials to moisture. More detailed information on the
synthesis protocol can be found in Ref.[1].
B. X-ray and Neutron Powder Diffraction
Sample quality was checked by room-temperature
x-ray powder diffraction (Cu-Kα radiation). Room-
temperature neutron powder diffraction was performed
on the high-resolution time-of-flight SPICA beamline at
J-PARC [33]. Structural refinements were performed
with the FullProf suite of programs [34], taking into
account anisotropic strains using a spherical harmonics
modelling of the Bragg peak broadening. For the diffrac-
tion experiments the samples were carefully packed and
sealed inside a glove-box to avoid sample degradation or
contamination.
C. Magnetic susceptibility measurements
Magnetic measurements as a function of temperature
were performed with a 9 T Quantum Design supercon-
ducting quantum interference device (SQUID) magne-
tometer in zero-field-cooled (zfc) and field-cooled (fc)
9modes upon heating T = 5 − 300 K. The magnetic sus-
ceptibility (χ) was obtained based on the equation χ =
M/H, where M is the magnetisation obtained by divid-
ing the measured magnetic moment by the sample mass
and H is the external applied magnetic field (in Oe).
D. Muon spin rotation and relaxation (µ+SR)
measurements
µ+SR experiments were performed at a muon beam
line using the surface muon spectrometer GPS at the
Swiss Muon Source (SµS) of PSI in Switzerland. The
powder sample (m ≈ 0.5 g) was placed and sealed inside
an envelope made out of a 25 µm-thick silver foil covering
a surface area of 1 × 1 cm2. The sample preparation was
performed in a helium glove-box to avoid sample degra-
dation. In order to minimise the background signal, an
envelope was attached to a fork-type Cu sample holder
using a single layer of Al-coated mylar tape. The sample
holder was attached to a stick and inserted into a liquid-
He flow-type cryostat for measurements in the tempera-
ture range of 2 - 50 K where weak transverse-field (wTF)
of 20 Oe, and zero-field (ZF) µ+SR time spectra were
collected.
For the high-temperature ion diffusion measurements,
µ+SR time spectra were recorded using the EMU spec-
trometer at the pulsed muon source of ISIS/RAL in UK.
A powder sample of K2Ni2TeO6 (m ≈ 1 g) was pressed
into a pellet with a diameter and thickness of 25 mm
and 3.0 mm, respectively. This pellet was packed into a
sealed (gold O-ring) powder cell made of non-magnetic
titanium using a thin (50 µm) Ti-film window. Sample
preparation was performed inside a helium glove-box to
avoid sample degradation. In addition, a silver mask was
mounted onto the Ti-cell to ensure that there would be no
non-relaxing minor background signal in a wide temper-
ature range. The cell was mounted onto a Cu end-plate
of the closed-cycle refrigerator (CCR) and measurements
were performed at temperatures between 50 and 550 K.
µ+SR time spectra were subsequently collected at ZF,
wTF = 20 Oe and longitudinal field (LF = 10 and 30 Oe).
Further details regarding the experimental techniques
and set-ups are provided in Fig. 10 as well as in Ref. [35].
The musrfit [36] software package was used to analyse
the µ+SR data.
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TABLE I. Structural parameters of K2Ni2TeO6 at 300 K from
Reitveld refinements of XRPD and NPD data. The space
group is P63/mcm. Te atoms are in the (2b) Wyckoff position
(WP) [0 0 0], Ni in (4d) [2/3 1/3 0], O in (12k) [xxz], K1 in
(6g)[x 0 1/4], K2 in (4c) [1/3 2/3 1/4] and K3 in (2a) [0 0 1/4].
The refined x and z parameters and isotropic thermal factors
(B) are given for the different ions. The occupancy of K sites
are also refined (Oc). Maximum values among the refinement
results of different banks (global fit)RBragg is described here.
NPD
a (A˚) 5.258(1)
c (A˚) 12.42(1)
V (A˚3) 297.3(1)
Te B (A˚2) 0.33(10)
Ni B (A˚2) 0.45(3)
O x 0.6887(3)
z 0.5843(1)
B (A˚2) 0.47(2)
K1 x 0.3657(19)
B (A˚2) 3.89(33)
Oc 0.494(1)
K2 B (A˚2) 3.89(33)
Oc 0.272(1)
K3 B (A˚2) 3.89(33)
Oc 0.020(1)
RBragg (%) 6.56
TABLE II. Selected distances (A˚) of K2Ni2TeO6 obtained
from XRPD and NPD data
NPD
Te - O 1.943 (2)
Ni - O 2.094 (2)
K1 - K2 1.674 (4)
K1 - K3 1.923 (10)
Ni - Ni 3.036 (1)
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FIG. 11. Temperature dependencies of µ+SR parameters
taken for K2Ni2TeO6; (top) the relaxation rates (λfast) and
(bottom) the asymmetries (Afast). The data were obtained
by fitting the ZF spectra using Eq.2 described in the main
text.
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FIG. 12. The temperature dependencies of (a) the asymmetry
(AKT) and (b) λKT for K2Ni2TeO6.
